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7 prokaryotic species per gram 4 . Given their vast abundance and diversity, it is reassuring to note that only a tiny proportion of these microorganisms are known to cause human disease. Recognizing that the environment provides a substantial reservoir of microorganisms, we pose two questions: what separates the potential patho gens from the nonpathogens and what types of adaptations enable a soil saprophyte to become a human pathogen?
The bacterial pathogen Listeria monocytogenes is well adapted to both life in the soil and life in the cytosol of eukaryotic host cells. This Grampositive saprophyte is ubiquitous in the environment, where it is thought to live off decaying plant material 5 . Following ingestion by a susceptible human, the bac terium is capable of making the transition to a physiological state that promotes bacte rial survival and replication in host cells 6 . In healthy individuals, the disease caused by L. monocytogenes is usually restricted to a selflimiting gastroenteritis; however, in immunocompromised individuals and pregnant women, the bacterium is capable of causing systemic infections that lead to meningitis, encephalitis and, in the case of pregnant women, infection of the developing fetus, which can lead to abortion, stillbirth or neonatal infections 7 . The lifestyle switch to intracellular pathogen includes increases in the expression of gene products that are known to promote celltocell spread and bacterial replication in the host cytosol; these gene products are generally expressed at low levels outside of the host 8 . How does L. monocytogenes implement the transition from life in the soil to life in the cell? Bacteria must be capable of distinguishing the myriad of environmental cues encountered both inside and outside host cells and of correctly interpreting the signals so as to express gene products that promote survival in the appro priate location. Below, we discuss recent progress that has been made towards under standing how L. monocytogenes mediates the switch between its disparate lifestyles.
Life in the outside environment L. monocytogenes has been isolated from soil, silage, groundwater, sewage and vegetation 9 (FIG. 1). Whether it is associated with a lower eukaryotic host, such as a fungus, protist or nematode, has not been clearly established, although it is anticipated that the microorgan ism must frequently encounter these potential predators 10 . Substantial attention has been given to the ability of L. monocytogenes to survive in food processing plants, where it can withstand environmental stresses that normally serve to limit bacterial growth, such as metal ions, high salt, fluctuations in pH and low temperature 9 . A large number of gene products that are associated with various forms of stress resistance mecha nisms (including resistance to acid, osmotic and temperature stress) have been identi fied in L. monocytogenes; many of these are regulated by the alternative sigma factor σ B , which directs RNA polymerase to target stressresponsive gene promoters 11 . Although L. monocytogenes does not form spores, it can become firmly established in food processing environments and can persist for long periods of time and even years 12 . L. monocytogenes is therefore clearly built to last in many different habitats.
Life in the mammalian host As a pathogen, L. monocytogenes infects a wide range of host species and host cell types 13, 14 . The primary route of infection is across the intestinal epithelium after con sumption of contaminated food products by the host. Both intragastric and intravenous models of L. monocytogenes infection exist for mice, guinea pigs, gerbils and monkeys 13, [15] [16] [17] [18] . Following entry into the bloodstream, most of the bacteria end up in the liver and spleen, owing to trafficking by macrophages. Unless their replication is controlled by an effective host innate immune response, the bacteria escape from immune clearance and continue to divide and replicate 19 . Host survival then depends on the development of an effective adaptive immune response; otherwise, the bacteria reenter the bloodstream to cause potentially fatal systemic or central nervous system infections. The ability of L. monocytogenes to replicate in the cytosol of infected host cells and to spread from cell to cell enables it to avoid humoral immune responses 20 . A number of bacterial surface proteins, including the internalins InlA and InlB, have been shown to contribute to bacterial invasion of host cells 14 (FIG. 1) . InlA binds Ecadherin, a host cell adhesion molecule, whereas InlB binds to the hepatocyte growth factor (HGF) receptor, Met; binding to these receptors enables L. monocytogenes to gain entry into host cells through the exploita tion of the host endocytic machinery 21 . Once internalized, L. monocytogenes mediates its escape from the membranebound vacuole by secreting a poreforming cytolysin, known as listeriolysin O (llO), and two phospho lipases, which work together to break down the phagosome in which it resides 8, [22] [23] [24] [25] [26] . Within the host cell cytosol, the bacteria rep licate using nutrients that are acquired from the host (including hexose phosphate sugars that are acquired through the bacterial hexose phosphate transporter, Hpt, as well as lipoic acid and peptides) [27] [28] [29] . L. monocytogenes then moves through the cell and into adjacent cells using actin polymerization as a motility force, which it directs through its surface protein actin assemblyinducing protein (ActA) 21 . The bacteria enter adjacent cells and secrete llO and the broadspecificity phosphatidyl choline phospholipase C (pCplC) to escape from the doublemembraned secondary vac uoles that are formed as a result of celltocell spread 22, 24, 30 .
Regulating the outside-to-inside switch Nearly all of the gene products that contrib ute to bacterial invasion, cytosolic entry and growth, intracellular motility and spread to adjacent cells are regulated by the transcrip tional regulator prfA 6, 31 (FIG. 1; TABLE 1 ). The core prfA regulon encompasses 10 genes that are directly regulated by prfA, and up to 145 additional putative prfAregulated genes have been implicated by microarray expres sion data or proteomic analyses 8, 32 . prfA can also regulate genes that contribute to bile resistance, an attribute that may facilitate L. monocytogenes persistence in the gall blad der [33] [34] [35] . prfA induces the expression of a bile salt hydrolase (encoded by bsh) as well as a bile exclusion system, both of which contribute to bacterial survival in the intestine 36 . L. monocytogenes mutants that lack a functional prfA do not replicate in infected cells and are 100,000 fold less virulent than wildtype strains in mouse models of infection 37 . There are multiple mechanisms for regu lating both the expression and the activity of prfA. In addition to transcriptional regula tion 38 , the expression of prfA is regulated by an RNA thermosensor mechanism that facili tates protein translation at 37 °C 39 ; however, an increase in environmental temperature alone is not sufficient to induce prfA dependent gene expression in bacteria grown in broth culture. prfA activity is evident at 25 °C in bacteria growing within insect cells, suggesting that a host cellderived signal can activate virulence gene expression [40] [41] [42] [43] . In broth cultures of bacteria grown at 37 °C, prfA is present but inactive 44 , and most prfA regulated gene products are highly induced on bacterial entry into the host cytosol 8 . prfA is a member of the cyclic AMp receptor protein (Crp) family of transcriptional activa tors 45, 46 , many members of which require the binding of small molecular cofactors for full activity 47 . It has therefore been postulated that prfA activation occurs through the binding of a small molecular cofactor following host cell entry. The identity of this putative prfA cofactor is not yet known, but intriguing links exist between carbon metabolism and prfA dependent gene expression, which suggests that nutrient availability in the host may serve as a signal to L. monocytogenes as to its intracellular location.
It has been known for more than a dec ade that bacterial growth in the presence of readily metabolized carbohydrates, such as glucose and cellobiose, dramatically inhibits the expression of prfAdependent gene products 48, 49 . It was subsequently observed that L. monocytogenes can use glucose1phosphate, glucose6phosphate, fructose6phosphate and mannose6 phosphate as carbon sources and that metabolism of these sugars does not lead to the repression of virulence gene expres sion 50 . These observations suggest that when in the cytosol of host cells, L. monocytogenes encounters and consumes hexose phosphates as carbon sources while maintaining a high level of prfAdependent virulence gene expression. By contrast, carbon sources that are commonly found in the outside environ ment, such as the plant sugar cellobiose, may function as signals to L. monocytogenes that it is in an environment where prfAdependent gene expression is not required 48, 51 . The available nutrients could therefore serve as the signal to L. monocytogenes as to whether it should live as a saprophyte or as a pathogen. When bacteria that were initially grown in rich medium enter host cells, they switch from using glycolysis to using the pentose phosphate cycle as the predominant pathway for sugar metabo lism 52 . phosphorylated glucose that is derived from host cell glycogen and a threecarbon compound have both been implicated as intracellular carbon sources for L. monocytogenes 52, 53 . By contrast, when the bacterium is outside a host cell, prfAdependent gene expression is repressed, owing to the uptake of carbohydrates by the phosphoenolpyruvate phosphotransferase system (pTS) 54 . A model describing the potential relationship between carbon metabolism and prfA activity has been recently suggested by Joseph et al. 55 and Stoll et al. 56 (FIG. 2) . These authors observed that the repression of prfAdependent gene expression correlates directly with the phosphorylation status of pTS permeases (enzyme II, or EII components, of the pTS complex). In the presence of pTSdependent sugars, the transport of these carbohydrates across the bacterial membrane results in the transfer of a phosphate group from the pTS EII domain A (EIIA) to the incoming sugar and the subsequent accumulation of the nonphosphorylated form of EIIA, which in turn correlates with a decrease in prfAdependent gene expression 52 (FIG. 2a) .
By contrast, the phosphorylated form of EIIA accumulates during bacterial growth on nonpTSdependent carbon sources and this form of the enzyme is associated with high levels of expression of prfAdependent gene products 52 (FIG. 2b) . On the basis of these observations, the authors proposed that the sugarspecific EIIA component of pTS, in its nonphosphorylated state, serves to bind and sequester prfA, thereby keeping the regulator functionally inactive and preventing the induction of virulence gene expression (FIG. 2a) . In the presence of nonpTSdependent carbon sources, such as hexose phosphates or glycerol, the lack of pTSdependent sugar transport results in the accumulation of the phosphorylated form of EIIA and the release of prfA, which is then fully active and able to induce target gene expression 52, 56 (FIG. 2b) .
Although several features of this model are attractive, it does suggest that prfA may differ from other Crp family members by not requiring the binding of a small signal mol ecule or cofactor for full activity 47 . The model proposed by Joseph et al. suggests that prfA would be fully active following its release from EIIA, without either a signal molecule or post translational modification 55 . However, both structural and functional analyses of wildtype and mutationally activated prfA proteins (prfA* mutants; discussed below) suggest that the increase in prfA activity is caused by conformational changes that promote higher affinity DNA binding. It has been argued that these conformational changes occur as a result of cofactor binding in a structurally defined binding pocket [57] [58] [59] [60] . It is possible that the phosphorylated pTS permeases of L. monocytogenes stimulate the synthesis of a cofactor or second messenger that serves to activate prfA (FIG. 2c) . In Escherichia coli, glucosespecific pTS EIIA (EIIAGlc)phosphate stimulates adenylyl cyclase to produce the Crp cofactor cAMp 54 . Alternatively, it is possible that acti vation of prfA by a cytosolinduced signal is required as an additional step following the release of prfA by EIIA (FIG. 2c) . The combi nation of cofactor activation and the seques tration and release of prfA by EIIA may serve to more fully restrict prfA activity to the correct environmental location.
Impact of prfA* mutations Although the signal or cofactor that results in prfA activation remains unknown, the identification of mutations in prfA that result in its constitutive activation (prfA* mutations) has allowed the investigation of prfA activ ity to progress. Since the first identification of a prfA* mutation, by Ripio et al. in 1997 (REF. 60 ), several amino acid substitutions in prfA have been described that result in the activation of prfA even in broth culture [59] [60] [61] [62] [63] [64] (FIG. 3) . Structural analysis of the original prfA* mutant, prfA G145S, indicates that this mutation results in a repositioning of the prfA helix-turn-helix DNA binding region in comparison to the wildtype structure 57 . Surface plasmon resonance experiments have shown that there is an 18fold increase in the DNA binding affinity of this prfA* mutant; it is thought that this increase is attributable to the helix-turn-helix shift 57 . Additional structural alterations were observed for prfA G145S in comparison to wildtype prfA, but the implications of these changes are not yet clear. Mutations conferring prfA* phenotypes are not equivalent with respect to their effects on prfAdependent gene expression; some mutations, for example E77K and G155S, confer midlevel activity changes (a 10 to 40fold increase compared with the wild type), whereas others, such as l140F, G145S and Y63C, result in substantially greater (>200 fold) levels of activation 32, 59 . Although detailed structural analyses of these mutants have not yet been undertaken (with the exception of G145S), experiments designed to identify structural alterations based on limited protease digestion patterns of purified protein have indicated that all of the mutant proteins exhibit conformational changes in comparison with the wild type 59 . A striking correlation was also observed between the DNA binding affinity of selected purified prfA* proteins for target promoters, as measured by gel electromobility shift assays, and the levels of prfAdependent gene expression in brothgrown cultures. The prfA* alleles that conferred the highest levels of prfAdependent gene expression also exhibited the largest increases in DNA binding affin ity 59, 65 . These data imply that a conformational change in prfA structure is required for full protein activity.
The PrfA* regulon and protein secretion There are currently ten genes that have been shown to be directly regulated by prfA, and that are therefore considered to be 'core' members of the prfA regulon 8 (TABLE 1) . prfA induces the expression of a set of genes, the products of which are required for bacterial entry into host cells (inlA and inlB), escape from the phagosome (hly, plcA and plcB), growth in the cytosol (hpt) and celltocell spread (actA, plcB, mpl and hly). Additional gene products (~145) have been identified that could be regulated by prfA, based on transcriptome profiling; however, a direct demonstration of the regulation of these gene products by prfA has not yet been reported 8 . Genes that are found to have increased expression as a result of prfA activation include those with products that are pre dicted to function in carbohydrate transport, protein folding and protein secretion, as well as several predicted proteins of unknown function 66 . Most notable was the induction of a number of genes that are associated with L. monocytogenes stress responses, many of which lack obvious prfA binding sites (and are therefore presumably indirectly regulated by prfA) and are directly regulated by the stressresponsive σ B . There seems to be an intimate link between stress resistance and [67] [68] [69] . A new study by ToledoArana et al., which analyses the transcript profiles of the entire L. monocytogenes genome, has impli cated σ B regulation in bacterial survival in the intestine and prfA regulation in promoting bacterial replication in the blood 70 . Recently, prfA* strains were used as tools to explore the changes that occur in the secreted protein profiles of L. monocytogenes as a result of prfA activation. Bacterial virulence factors are often either secreted or localized on the bacterial surface, where they promote interaction and engagement with host cell components. A comparison was carried out among the secreted proteins that were isolated from the supernatants of wildtype, ΔprfA and prfA* mutant bacteria to identify potential virulenceassociated pro teins with production and/or secretion that was directly or indirectly dependent on prfA activation 32 . Seventeen proteins were identi fied that are differentially secreted as a result of prfA activation, including several known virulence factors (llO, ActA and pCplC), three putative ABC transporter components, four putative cell wallmodifying enzymes, two antigenic lipoproteins and two chaper ones that are involved in protein secretion 32 . Mutational inactivation of a subset of these proteins indicated that there may be a role for each tested protein in L. monocytogenes virulence 32 . Many of the genes that encode these proteins did not contain recognizable prfA binding sites, suggesting that although the secretion of these proteins depends on the activation state of prfA, the proteins them selves are not directly regulated by prfA. prfA activation therefore has a farreaching impact on the expression and activity of multiple factors that contribute to L. monocytogenes pathogenesis.
PrfA as a switch between lifestyles
It is clear that the mutational activation of prfA has pleiotrophic effects on L. monocytogenes physiology. Strains containing prfA* alleles are hyperinvasive for tissue culture cells and seem to lyse the phagosomal membrane and to associate with host cell actin more quickly than wildtype L. monocytogenes 71 . prfA* strains are fully virulent or even hypervirulent following intravenous inoculation of mice; as prfA is constitutively activated in these strains, this would suggest that there is no need to deactivate or down modulate the activity of prfA once the protein is activated following bloodstream entry 61, 72 (J. Bruno and N.F., unpublished observa tions). The basis of the hypervirulent pheno types for prfA* mutants following entry into the bloodstream is not known, nor has it yet been shown whether prfA* mutants remain hypervirulent following intragastric inocula tion. It seems plausible that the enhanced expression of prfAdependent gene prod ucts that are required for bacterial invasion, phagosome escape and actinbased motility results in a kind of virulence priming that contributes to the hypervirulent phenotype that is observed in vivo. Overexpression of some prfAdependent gene products, such as llO, has been shown to reduce bacterial viru lence in vivo, owing to the lysis of host cells and the elimination of the L. monocytogenes cytosolic replication niche 22 . prfA* strains therefore seem to mediate the enhanced expression of virulenceassociated gene prod ucts while avoiding the detrimental effects of their overexpression. Interestingly, virulence attenuated L. monocytogenes strains contain ing prfA* mutations have shown considerable promise as vaccine vectors
.
Why, then, is prfA activity so carefully regulated? The answer seems to reside in the requirement for L. monocytogenes to balance life in the host with life in the outside envi ronment. prfA* strains exhibit pronounced swimming motility defects 61 , and recent evidence from broth culture competition assays indicates that the mutant strains are outcompeted in broth culture by wildtype strains 73 (J. Bruno and N.F., unpublished observations). The crucial importance of prfA activation for L. monocytogenes virulence is further demonstrated by the . The PTs is composed of three distinct proteins: enzyme I (eI), histidine protein (HPr) and enzyme II (eII). A separate and distinct transporter, Hpt, mediates the transport of hexose phosphates, such as glucose-6-phosphate. a | In the presence of PTs-dependent sugars, eI (which autophosphorylates using the phosphoryl group from PeP) transfers a phosphoryl group to HPr, which then transfers it to the A domains of the various substrate-specific transporters or eIIs. During sugar transport, the phosphoryl group of eIIA is rapidly transferred to the eIIB domain and, from there, to the incoming carbohydrate as it passes through the membrane. eIIA therefore exists primarily in a non-phosphorylated state during active PTs sugar transport, and it is this form of eIIA that is postulated to sequester PrfA and inhibit its activity. b | In the presence of non-PTs-dependent sugars, such as glucose-6-phosphate, transport occurs through an alternative transporter such as Hpt. The eIIA component of PTs remains phosphorylated and is unable to sequester PrfA in this state. PrfA is released and can directly activate target promoters. c | Alternatively, PrfA that is released from eIIA may subsequently require the additional stimulus of an activating signal or cofactor to fully induce the expression of PrfA-dependent promoters. Nature Reviews | Microbiology   E77   Y63   I45   Y154   G155   A148 G145 L140
phenotype of a prfA mutant that is apparently locked into a low activation state. prfA Y154C mutants exhibit a modest (fourfold) increase in prfAdependent gene expression when grown in broth culture, but fail to activate the highlevel gene expression that is required for actinbased motility and celltocell spread following entry into the cytosol 58 . As a result, strains containing the prfA Y154C mutation are severely attenuated in mice (over 150 fold less virulent than wildtype strains) 58 . L. monocytogenes must therefore retain the ability to control prfA activity in order to respond to environmental cues and optimize its fitness in highly diverse settings.
Outlook prfA clearly plays an important part in mediating the L. monocytogenes transition from saprophyte to pathogen. Functional analyses of prfA mutants indicate that L. monocytogenes must carefully regulate the activation status of prfA to optimize its fitness and to retain its ability to replicate under diverse environmental conditions. Shifting the activity balance towards full prfA activation and virulence gene expres sion results in increased fitness when in the host but compromises the ability of the bacterium to obtain and use nutrients when outside infected animals. A molecular determination of how and why prfA activa tion compromises the fitness of L. monocytogenes outside host cells should clarify which aspects of the bacterium's physiology are important for extracellular versus intra cellular life and may define which types of genetic and metabolic alterations promote the transformation of a soil dweller into a cell invader.
If the way to L. monocytogenes' pathogenic heart is through its stomach, according to the available nutrients, then the capacity of L. monocytogenes to flourish in diverse envi ronments remains a complex phenomenon and one that involves multiple regulatory circuits. In addition to carbon metabolism, an intimate relationship has been observed between stress response pathways and prfA dependent gene expression, and it has been proposed that the physiological stresses that are encountered by L. monocytogenes during its passage through the stomach and intestine serve to prime it for host cell invasion and intracellular replication 11, [67] [68] [69] [70] . On the basis of the diversity of lifestyles and habitats in which L. monocytogenes resides, one might speculate that, together, an ability to use a wide range of nutrient sources and a robust capacity to withstand divergent stresses might serve to assist the development of a microorganism into a pathogen. The locations of the residues that are substituted in the PrfA* mutations described in the literature are as follows 8, 58, 59, 64 : e77K, shown in light blue; Y63C, shown in light green; I45s, shown in pink; g155s, shown in purple; A148T, shown in salmon; g145s, g145R or g145C, shown in orange; L140F, shown in yellow. The Y154C mutation shown in black is unique in that it locks the protein into an activity state that enhances in vitro gene expression but does not provide full activation of PrfA-dependent gene expression in vivo 58 . Figure is 
Box 1 | Mutationally activated prfA* strains as vectors for vaccine delivery
The capacity of Listeria monocytogenes to efficiently gain access to the cytosol of infected host cells and to stimulate a robust T cell response has led to the development of L. monocytogenesbased vaccine vectors for a range of infectious agents and cancers [74] [75] [76] [77] [78] . As a means of increasing the efficiency of antigen delivery by attenuated L. monocytogenes strains, Lauer et al. 79 and Yan et al. 80 recently made use of prfA* mutations to increase the expression of selected antigens that were placed under the control of PrfA-dependent promoters. Interestingly, the prfA* mutation that elicited the most effective T cell responses for recombinant strains was the prfA G155S mutation, a prfA* allele that results in mid-level PrfA activation 32, 79, 80 . Although antigen expression and secretion were increased in prfA G155S mutants grown in broth culture, this increase did not seem to fully account for the improved stimulation of host immune responses 79 . It is possible that the prfA G155S mutation results in the increased expression of additional L. monocytogenes factors that serve as adjuvants for an enhanced host immune response. Precisely how the mutational activation of PrfA influences host immune responses is worthy of further investigation.
